The Indus-Yarlung suture zone, within the larger Indo-Asia collision zone in southern Tibet, is characterized by a central depression with two oppositely directed axial rivers: the eastward-flowing Yarlung River and the westward-flowing Indus River. The axial valley is flanked by high-elevation ranges of the southern Lhasa terrane to the north and the Tethyan Himalaya to the south. This study analyzes the detrital geochronological and thermochronological signatures of rivers draining into the Indus-Yarlung suture zone as a proxy for the timing of tectonic, magmatic, and erosional processes in southern Tibet. Zircon U-Pb ages reflect source area crystallization ages, and their distribution is proportional to the relative area of source rocks exposed in the catchment areas. Rivers draining the northern side of the collision zone are dominated by ages between ca. 40 Ma and ca. 60 Ma, similar to ages of rocks in the Gangdese arc, whereas one river sample draining the southern side records a Tethyan Himalayan signature characterized by age clusters at ca. 500 Ma and ca. 1050 Ma. U-Pb zircon ages from the modern drainages are similar to signals preserved in the Oligocene−Miocene Liuqu and Kailas basins, suggesting that the geology of the Ceno zoic drainages was similar to modern, albeit with significant erosion in the Miocene. New apatite fission-track (AFT) ages from some of the same rivers show an early Miocene regional exhumation signature, which is interpreted to record regional uplift-induced erosion coupled with efficient river incision by the Indus-Yarlung fluvial system as a result of renewed underthrusting (following rollback) of India under Asia. Late Miocene (ca. 8 Ma) apatite (U-Th)/He (AHe) ages are consistent with cooling and exhumation associated with E-W extension followed by a decrease in erosion after ca. 6 Ma.
INTRODUCTION
The Indus-Yarlung suture zone in southern Tibet (Fig. 1A) is part of the larger Indo-Asia collision zone, which represents the modern surface expression of the contact between the Indian and Eurasian continental plates as a result of Paleocene collision (e.g., Garzanti et al., 1987; Najman et al., 2010; DeCelles et al., 2014; Hu et al., 2015) . The Indus-Yarlung suture zone is characterized today by a depression occupied by the eastward-flowing Yarlung River, with tributaries that drain the Gangdese magmatic arc, Xigaze forearc, and Cenozoic strata to the north, and Paleo zoic-Mesozoic Tethyan Himalayan strata to the south (Fig. 1) . The Yarlung drainage includes several large nonmarine Cenozoic sedimentary basins, such as the Oligocene-Miocene Kailas basin DeCelles et al., 2011) , and the Miocene Liuqu basin (Li et al., 2015a; Leary et al., 2016a) . Formation of the Kailas basin has been associated with extension possibly related to slab rollback or transtension along the Karakoram fault . Thermochronological studies show cooling of the Kailas and Liuqu basins (Li et al., 2015a; Leary et al., 2016a) at ca. 17 Ma and ca. 12-10 Ma respectively, which is consistent with >4 km of basin exhumation. Cooling of the Gangdese arc and of the Tethyan Himalaya near Lhasa between ca. 20 Ma and 10 Ma has been associated with accelerated upper-crustal exhumation ( Fig. 1; e.g., Dai et al., 2013; Li et al., 2015b ). An early Miocene pulse of at least local rapid exhumation inferred from rock cooling was detected by Copeland et al. (1987) and Harrison et al. (1992) in some of the earliest thermochronological work in southern Tibet. However, the regional extent, timing, and magnitude of such Cenozoic cooling in southern Tibet and underlying mechanisms remain poorly constrained. Another feature that is not well understood is the timing of establishment of the modern Yarlung drainage.
Detritus from modern rivers, mostly including tributaries of the Yarlung River, draining southern Tibet and the Indus-Yarlung suture zone provides an opportunity to broadly sample source rocks in the region and to study the timing of regional cooling and inferred erosion related to processes following India-Asia collision (e.g., Hoang et al., 2009; Zhang et al., 2012; Saylor et al., 2013) . Whereas previous work focused on detrital zircon U-Pb geochronology of modern rivers from the main Yarlung River and the eastern part of its drainage system Cina et al., 2009) , this study includes the poorly studied western portion of the Yarlung drainage system and two rivers draining the Kailas and Xiao Gurla ranges into La'nga and Mapan Yum lakes respectively.
Detrital studies commonly assume that the sample age distributions from sedimentary basin strata and modern river sand samples closely match the age spectra within the drainage catchments of the eroding source region. For example, the degree of mixing of different source signals, as recorded by detrital zircon U-Pb detrital ages in modern river sands, has been shown to be proportional to the exposed source area within the catchment (Saylor et al., 2013 ). This approach is based on the assumption that fertility of source rocks is the same in all of the drained lithological units. This assumption may not be valid if significant volumes of ultramafic rocks and limestone are present in the drainage area. Our study area does not contain significant limestone and ultramafic rocks, and therefore we consider this assumption to be valid.
Other studies have documented that zircon U-Pb ages of modern samples not only reflect mixing of upstream bedrock sources, but are also influenced by a dilution effect owing to progressive downstream mixing, topographic relief, and precipitation . Although this is an important issue to consider when sampling progressively downstream along a main trunk river, it should not be an issue when sampling tributaries with smaller drainage basins.
The goal of this study was to test the following hypotheses. (1) Detrital minerals from the Yarlung drainage, including the Indus-Yarlung suture zone within the larger Indo-Asia collision zone (Fig. 1) , directly reflect cooling due to ero-
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(2) Miocene exhumation in southern Tibet was widespread and had tectono-climatic significance. (3) The modern longitudinal Yarlung drainage system developed in the middle Miocene. We applied detrital zircon U-Pb geochronology, apatite fission-track (AFT), and apatite (U-Th)/He (AHe) thermochronology to river sand samples from tributaries of the Yarlung River and from two rivers from the western, internally drained, portion of the Indus-Yarlung collision zone near Mount Kailas in order to constrain the timing of crystallization and exhumation of the different sediment sources within the catchment areas. The study area covers an along-strike distance of ~800 km from Mount Kailas in the west to Xigaze in the east (Fig.  1B) . In order to assess how well the detrital zircon U-Pb age spectra represent the ages of rocks within the respective catchments, we analyzed and compared the geology of the catchment area, and zircon U-Pb ages typical of different geological units within the catchment, to zircon populations derived from each of the river samples (Fig. 1D ). U-Pb geochronology of zircon provides information on cooling through the ~>900 °C isotherm (Lee et al., 1997; Cherniak and Watson, 2001 ), thus constraining the age of crystallization of the mineral, which, in turn, can be used as a provenance proxy and to interpret tectonics (e.g., Gehrels et al., 2008; Gehrels, 2014) . AFT and AHe provide information on cooling through the ~40-110 °C temperature window (e.g., Gleadow and Duddy, 1981; Wolf et al., 1996) , which is often associated with shallowcrustal deformation and erosion. The application of these different techniques to the same river detritus provides information on the provenance, crustal evolution, and erosion history of the source regions (e.g., Carrapa, 2010) .
GEOLOGICAL SETTING
The geology of southern Tibet includes four major tectonic features: the Gangdese magmatic arc, the Indus-Yarlung suture zone within the larger India-Asia collision zone, the right-lateral Karakoram fault, and the Tethyan Himalayan thrust belt (e.g., Burg et al., , 1987 Yin et al., 1999; Murphy and Yin, 2003; Aikman et al., 2008; Fig. 1C) . The geology of southern Tibet drained by the Yarlung River and its tributaries includes the Lower Cretaceous Xigaze ophiolite and CretaceousEocene Xigaze forearc basin, as well as Cenozoic nonmarine basins.
River catchments along and to the west of the Yarlung drainage are composed of Gangdese arc, Xigaze forearc, and Tethyan Himalayan rocks and Cenozoic sedimentary strata. Most of the sampled rivers drain into the Yarlung River (except for Rivers 6 and 7), which in turn flows eastward to the eastern Himalayan syntaxis, veers abruptly south-southwestward (taking on the name Siang River), and connects with the Brahma putra River, which ultimately joins the Ganges River and flows into the Bay of Bengal; the total length of the drainage system exceeds 2500 km. River 6 drains into Mapam Yum Lake, and River 7 drains into La'nga Lake (Fig. 1) . Within the study area, ophiolitic rocks and sedimentary-and serpentinite-matrix mélanges are structurally juxtaposed against Tethyan Himalayan strata in the south and Gangdese arc and Xigaze forearc and younger rocks in the north Yin et al., 1999; Murphy and Yin, 2003; Ding et al., 2005) . The Gangdese arc is a complex of calc-alkaline batholiths and related volcanic and volcaniclastic rocks that formed as a Cordilleran-style magmatic arc along the southern flank of the Lhasa terrane in response to subduction of Tethyan oceanic lithosphere, Indian continental lithosphere, and possibly island arcs, from at least Cretaceous to Eocene time (e.g., Schärer et al., 1984; Coulon et al., 1986; Chung et al., 2005; Hébert et al., 2012) . The Gangdese arc is characterized by zircon U-Pb ages of ca. 120-40 Ma (e.g., Harris et al., 1988; Copeland et al., 1995; Chung et al., 2005; Wen et al., 2008; Ji et al., 2009; Jiang et al., 2012) . For a more complete set of references, refer to Figure 2 . Thermochronological data from the Gangdese arc show cooling episodes at ca. 48-42, ca. 26-17, and ca. 11-8 Ma, which have been interpreted to be the result of accelerated exhumation (Copeland et al., 1987; Pan et al., 1993; Harrison et al., 2000; He et al., 2007; Yuan et al., 2009; Dai et al., 2013) . The Tethyan Hima layan Sequence, exposed south of the Indus-Yarlung suture zone, produces significant detrital zircon age clusters at 500 Ma and 1100 Ma (e.g., DeCelles et al., 2000 Tobgay et al., 2010; Gehrels et al., 2003 Gehrels et al., , 2011 .
METHODS
We collected seven sand samples, five from tributaries of the Yarlung River draining southern Tibet between Xigaze and Mount Kailas and two from the western, internally drained, portion of the Indus-Yarlung suture zone; these samples were analyzed for detrital zircon U-Pb geochronology, and AFT and AHe thermochronology ( Fig. 1 ; Table 1 ). We refer the reader to the GSA Data Repository for a detailed description of the methods used in this paper.
1 Detrital zircons and apatites were separated from river sand samples using standard techniques. The interpreted zircon U-Pb ages and main populations are shown on relative age-probability diagrams ( Fig. 2) using Isoplot (Ludwig, 2008) . Data tables for zircon U-Pb analyses are available in the Data Repository (Table DR2 [see footnote 1]). Of the seven samples collected, four (River 3, River 4, River 5, and River 7) yielded enough quality apatite grains to conduct AFT analyses, and five (including River 1) contained enough quality apatites for AHe analyses. Ten to 15 apatite grains per sample were targeted for AHe analyses (Table DR4 [ For AFT and AHe data, kernel density estimates (KDEs) and probability density plots (PDPs) were produced using the program Density Plotter (Fig. 3 ); PDPs were calculated by summing Gaussian distributions in which the means and standard deviations correspond to the individual ages and their respective analytical uncertainties, whereas KDEs also involve summing a set of Gaussian distributions without explicitly taking into account the analytical uncertainties (Vermeesch, 2012) . Forward thermal modeling of the main AHe and AFT age components was performed using HeFty (Ketcham, 2005) in order to test continuous versus episodic cooling and inferred exhumation. Average apatite chemical values were used with the annealing model of Flowers et al. (2009) for AHe age modeling.
RESULTS

Zircon U-Pb Geochronology
Results are described in geographical order from east to west (Fig. 3) . The catchment area for River 1 is ~4840 km 2 ( Fig. 1D) , and its bedrock is composed of 72% Tethyan Himalayan strata, 10% undifferentiated Cenozoic sedimentary rocks, 9% North Himalayan gneiss domes, 3% Xigaze forearc basin fill, and 2% Gangdese arc plutonic rocks, ophiolite, and mélange (Table DR1 [see footnote 1]). In this sample, 96% of the U-Pb ages are older than 120 Ma, with a significant age cluster between 1200 Ma and 450 Ma and two significant age components at ca. 500 Ma and ca. 1100 Ma (Fig. 2) . Although ages up to ca. 3.6 Ga are present (Table DR2 [see footnote 1]), for the scope of this paper, we plot ages younger than 3 Ga (Fig. 2) . Within the young age range (younger than 120 Ma), only four grains (4%) are younger than ca. 120 Ma (Fig. 2) . Figure 1A . The ages are represented using relative probability distribution plots (PDPs) generated using the routines in Isoplot (Ludwig, 2008) ; numbers in brackets are the number of grains analyzed for each sample.
The sample from River 2 is derived from a catchment area of ~1350 km 2 (Fig. 1B) . The geology of the catchment area is composed primarily of Xigaze forearc deposits (35%), Gangdese arc plutonic rocks (28%), Linzizong vol canic rocks (20%), and undifferentiated Ceno zoic sedimentary rocks (17%; (Fig. 3) .
The bedrock of the ~1720 km 2 River 3 drainage area consists of 33% Kailas Formation, 31% Xigaze forearc basin, 14% mélange, 12% Gangdese arc plutonic rocks, 9% Linzizong volcanic rocks, and only 1% Tethyan Himalayan strata ( Fig. 1B (Fig. 2) .
The catchment area of River 4 is ~5293 km 2 and includes the Lopu Range (Fig. 1B) (Fig. 2) .
River 6 drains into the Mapam Yum Lake. The catchment area for this sample covers ~4840 km 2 (Fig. 1B) and consists of 58% Kailas Formation, 39% Gangdese arc plutonic rocks, and only 3% mélange (Table DR1 [see footnote 1]). Zircon ages between ca. 120 Ma and ca. 1200 Ma account for 43% of the total dated grains, with significant age signals between ca. 470 Ma and ca. 1100 Ma; 45% of the total dated zircon grains are younger than ca. 120 Ma (Fig. 2) . Age signals between ca. 50 Ma and ca. 15 Ma are also present (Fig. 2) .
River 7 drains into the La'nga Lake; our sample from this river was derived from a drainage area of ~1.72 km 2 (Fig. 1B) . The geology of the drainage area is composed of 53% Gangdese arc rocks, 39% Kailas Formation, and 8% Cenozoic undifferentiated sedimentary rocks ( Fig. 1D ; Table DR1 [see footnote 1]). In this sample, zircon U-Pb ages younger than ca. 120 Ma account for 86% of the total dated grains, with a significant age signal at ca. 50 Ma (Figs. 2 and 3) . The remaining ages are between ca. 480 Ma and ca. 3.3 Ga ( Fig. 2 ; Table DR2 [see footnote 1]).
Detrital AFT and AHe Thermochronology
Only four of the seven river samples provided enough apatites to be analyzed for AFT and five provided enough for AHe thermochronology (Tables DR3 and DR4 [see footnote 1]; Fig. 3 ). Whereas single-grain U-Pb and AHe ages can be considered significant, AFT single-grain ages, because of their large errors, should not. For this reason, AFT requires several ages (e.g., 20 for basement and 100 for detrital) to be analyzed and statistically treated as populations (Galbraith and Laslett, 1993) ; accordingly, for river samples, only AFT detrital populations (calculated here using Density Plotter; Vermeesch, 2012) are here interpreted as significant.
River 3 and River 4 samples, which are mainly derived from Cenozoic sedimentary rocks ( Kailas and Liuqu Formations) and Xigaze forearc basin strata, have AFT populations at ca. 88 Ma and ca. 12 Ma and at ca. 91 and 32 Ma, respectively (Fig. 3) . Although the apatite yield and number of grains analyzed were low for River 3, the similarities between detrital AFT populations in these two samples suggest that these signals are significant. The sample from River 5, which is mainly derived from Cenozoic sedimentary strata, shows one AFT population at ca. 22 Ma, and River 7 shows one population at ca. 18 Ma. River 1 is the only river draining the Tethyan Himalaya to the south of the main Yarlung River; AHe ages from this sample are similar to ages from rivers draining the Gangdese arc and Cenozoic rocks (Fig. 3) . Unfortunately, not enough apatites were available for detrital AFT from River 1. AHe ages for five of the samples analyzed for AFT are consistent with AFT ages (i.e., the AHe ages are similar but generally younger than AFT ages) and show significant age signals between ca. 20 and 8 Ma (Fig. 3) .
AFT and AHe ages from all rivers, when combined (Fig. 4) , show two prominent populations with a mean value at ca. 19 Ma for AFT and at ca. 8.3 Ma for AHe. These ages are consistent with major tectonic and erosional events documented by other studies in southern Tibet and suggest that these ages represent regional cooling and erosional signatures.
INTERPRETATIONS Detrital Zircon U-Pb Geochronology
Detrital zircon U-Pb ages from the sampled rivers range between ca. 15 Ma and ca. 3568 Ma. Age clusters at ca. 500 Ma and ca. 1100 Ma are typical of the Tethyan Himalaya (Gehrels et al., 2003 preserved in either Tethyan Himalayan sources for River 1 or in the Kailas Formation and other Cenozoic strata, which contain reworked Tethyan grains (e.g., Aitchison et al., 2011; DeCelles et al., 2011) . Samples from rivers draining the northern side of the Yarlung drainage (River 2, 3, 4, and 5) and its western termination (Rivers 6 and 7) mainly yield ages between ca. 40 and ca. 60 Ma, similar to ages of the Gangdese arc (Fig. 2) . Cretaceous ages between ca. 75 and ca. 120 Ma are interpreted to be derived from plutonic and volcanic/volcaniclastic rocks of the Gangdese arc and from Xigaze forearc strata, which record similar signatures ( Fig. 5; e.g., Lee et al., 2009; Orme et al., Our analyses indicate that ~85% of the zircon ages are younger than 120 Ma in the westernmost River 7 sample (near Mount Kailas), whereas only ~5% of zircons are younger than 120 Ma in the easternmost River 1 sample (near Xigaze). This is consistent with the fact that 53% of the catchment area of River 7 consists of Gangdese arc rocks, whereas the River 1 catchment contains only 2% Gangdese arc rocks. To test whether the detrital zircon U-Pb age distributions closely match the zircon age signatures of the source region (e.g., Saylor et al., 2013) , we plotted the percentage of detrital zircon ages from 40 to 120 Ma, typical of Gangdese arc rocks, against the percentage of Gangdese arc rocks exposed in the drainage catchments for each river (Fig. 6 ). This analysis shows a linear relationship, supporting the interpretation that the Gangdese arc is the main contributor of 40-120 Ma ages, even for samples where Xigaze forearc and early Cenozoic strata, partially derived from the Gangdese arc and containing ca. 120-54 Ma ages , are present in the drainage.
Detrital Thermochronology
The four samples (River 3, 4, 5, and 7) analyzed for both detrital AFT and AHe thermochronology show significant Cretaceous and Miocene detrital populations (Fig. 3) . Cretaceous AFT cooling signals, albeit small, are consistent with exhumation of the Gangdese retroarc thrust belt as recorded by the Upper Cretaceous Takena Formation deposited within a retro-arc foreland basin in southern Tibet and with early exhumation of the Gangdese arc. In order to be able to interpret the Cenozoic cooling ages as representative of exhumation rather than magmatic activity, a comparison between AFT ages and U-Pb ages is necessary. AFT ages representative of magmatic activity match crystallization (zircon U-Pb) ages. Figure 3 shows that the youngest detrital AFT populations are significantly younger (on average >10 m.y.) than the zircon U-Pb ages for the same sample. Hence, we interpret the AFT and the AHe cooling signals to reflect cooling by exhumation, rather than cooling following magmatic heating. This is supported by the fact that no Miocene igneous bodies directly intrude the Kailas Formation or the Eocene Gangdese arc rocks exposed in drainage catchments that produced our samples. Small-volume Miocene leucogranites were emplaced at depth in the Lopu Range (Murphy et al., 2010; Laskowski, et al., 2016) ; however, the fact that the AFT population for River 4, which drains this range, is ca. 33 Ma shows that thermal overprinting has not significantly affected AFT ages. Also, if erosion were responsible for cooling, we would expect a younging downward trend, from higher-to lower-elevation stratigraphic level, in response to progressive incision. Cooling ages from Gangdese arc rocks below the Kailas Formation are younger than cooling ages recorded by the overlying Kailas Formation , supporting cooling by erosion/ incision. The detrital cooling signatures at ca. all AFT data rivers (n=330) Age ( Formations (Pan et al., 1993; Copeland et al., 1995; Yuan et al., 2009 Yuan et al., , 2009 Dai et al., 2013; Carrapa et al., 2014; Li et al., 2015a Li et al., , 2015b Li et al., , 2016 Leary et al., 2016a Leary et al., , 2016b . The sample from River 7 draining the Kailas Range shows a ca. 18 Ma detrital signal coeval with cooling associated with regional exhumation of the Kailas basin during the Miocene .
The sample from River 5 shows a slightly older signal at ca. 22 Ma, which may reflect cooling and exhumation of the Gangdese arc and/or a mixed population recording both fully reset and partially reset ages in the source region and thus variable levels of erosion. The ca. 33 Ma AFT population from the River 4 sample, which is derived from the Lopu Range, is in agreement with previous interpretations of Oligocene exhumation of granites and Tethyan Himalaya rocks within this range (Sanchez et al., 2013; Laskowski et al., 2016) . River 3 shows an AFT population at ca. 12 Ma, which may reflect late Miocene exhumation of the Gangdese arc in response to E-W extension, in agreement with cooling ages from the Xiao Gurla Range Carrapa et al., 2014) . AHe ages are generally younger than AFT ages, as expected, and suggest exhumation of southern Tibet during the late Miocene. The following question remains: Is cooling representative of exhumation, and if it is, was it continuous or episodic with rapid cooling at ca. 19 and 8 Ma? Because most of the AFT cooling ages predate the time of extension, are younger than the age of crystallization, and are consistent with periods of active tectonics and or incision of the Yarlung drainage basin, we generally interpret cooling recorded by the AFT system to represent erosion. AHe cooling ages at ca. 8 Ma may represent both tectonic exhumation and erosion.
Forward modeling of the ca. 19 Ma AFT signal and ca. 8 Ma AHe signal shows that a good match between predicted model ages and measured ages is obtained with an episodic exhumation history characterized by two rapid cooling events between ca. 20 and 17 Ma and between 8 Ma and 6 Ma, followed by periods of slow cooling (Fig. 4B) . We also note that a similar match is obtained by continuous rapid cooling between 8 and Present (Fig. D) . Relatively slow erosion between ca. 17 and 8 Ma is consistent with the absence of major upper-crustal shortening within the plateau at this time (Kapp and Guynn, 2004) . Continuous cooling following the accelerated early to mid-Miocene cooling event, which has been widely documented in southern Tibet (e.g., Carrapa et al., 2014) , would instead predict ca. 14 Ma AHe ages (Fig. 4E) .
DISCUSSION
Overall the detrital zircon U-Pb signatures recorded in river detritus from southern Tibet indicate that both the ages and their relative proportions directly reflect the ages and relative areas of source rocks present in the respective catchment basins. In particular, our study suggests that zircon U-Pb ages between ca. 40 and 120 Ma typical of the Gangdese arc are preferentially derived from first-cycle material off the Gangdese arc, rather than from reworked Cretaceous and Cenozoic strata. This is indicated by the linear relationships described in Figure 6 .
When the age spectra for all detrital samples are compared against the signature from the Modern River zircon U-Pb ages <120 Ma Gangdese arc from the literature, it is clear that the detrital zircon U-Pb data presented in this study directly record magmatic activity in the Gangdese arc (Fig. 5) . The near absence of zircons younger than 35 Ma in our data is consistent with the data from the literature showing a magmatic lull between ca. 40 Ma and ca. 20 Ma. The age signal at ca. 48 Ma is consistent with peak magmatism of the Gangdese arc, which has been interpreted as a result of breakoff of the Tethyan slab (Wen et al., 2008; WeiQiang et al., 2016 (Fig. 4) . The presence of a few Cretaceous AFT ages (ca. 90 Ma) to the east (Rivers 3 and 4) may represent exhumation related to the development of the Cretaceous Gangdese retroarc thrust belt associated with the Takena Formation retroarc foreland basin and/or early exhumation of the Gangdese arc. AFT ages show two strong signals at ca. 22-18 Ma and 12 Ma, which are in agreement with accelerated cooling and exhumation of the Gangdese arc (Dai et al., 2013; Li et al., 2016) . The 22-18 Ma ages indicate regional cooling in the early Miocene. AFT ages between ca. 20 and ca. 15 Ma in the Tethyan Himalaya have been attributed to activity along the Great Counter thrust (Li et al., 2015b) . Similar cooling ages at ca. 17 Ma recorded in the Kailas Formation, which rests unconformably upon Gangdese arc rocks, suggest that this signal is related to regional cooling and exhumation of southern Tibet and the Indus-Yarlung suture zone . The fact that Miocene exhumation is also recorded in the Indus Basin (the northwestward continuation of the Kailas basin; Sinclair and Jaffey, 2001 ) and in the Ladakh batholith (Kirstein et al., 2006) indicates that the early Miocene signal is regional and affected an ~1500 km along-strike length of the Indus-Yarlung suture zone and neighboring regions, including the Yarlung drainage. The early Miocene cooling event, which was originally noted by Copeland et al. (1987) , postdates the Kailas basin, which has been interpreted to represent possible Asian plate extension in response to southward retreat (or rollback) followed by break-off of part of the subducting Indian plate . If this is correct, and considering that geophysical data suggest that India is underthrusted under central Tibet today (Capitanio and Replumaz, 2013) , a plausible mechanism to drive the early Miocene cooling event would be uplift-induced erosionincision driven by northward underthrusting of the Indian plate after the slab break-off event. However, if India underthrusting was the only cause for uplift and erosion, we would expect the area north of the Gangdese arc to record the same Miocene signature, whereas AFT and AHe ages from central Tibet are overall much older (Rohrmann et al., 2012) than ages documented in this study. This indicates younger cooling and a higher magnitude of erosion in southern Tibet compared with central Tibet and suggests that Miocene exhumation in southern Tibet and along the Indus-Yarlung suture zone was likely the combined result of Indian underthrusting coupled with efficient sediment export from the region by the paleo-Yarlung River system. Efficient river incision and evacuation of material from southern Tibet by the paleo-Yarlung River, and possibly the Indus River, during the early to mid-Miocene suggest higher discharge, which implies different climatic-geomorphic conditions than observed today. For example, today the Yarlung River drops off the edge of the Tibetan Plateau through the steep, narrow Tsangpo Gorge; evacuation of material through the gorge is limited to the edge of the plateau where it is cut by the gorge. Episodic damming followed by flooding and upstream sediment accumulation characterize the Yarlung River above the gorge (Lang et al., 2013; Wang et al., 2014) . Exhumation ages near the Tsangpo Gorge and eastern syntaxes are generally younger than ca. 10 Ma and have been interpreted to reflect uplift and erosion in the eastern Himalayan syntaxis (Namche Barwa) since late Miocene time (Burg et al., 1997; Zeitler et al., 2014) . Geomorphological analysis of the eastern Yarlung River indicates 500-2000 m of incision prior to 10 Ma, which has been associated with uplift of southern Tibet . A greater discharge and, by inference, a more humid climate and/or lower elevation, allowing for precipitation to penetrate deeper into the Yarlung valley, may have existed in the early to middle Miocene in southern Tibet. This is supported by sedimentological and geochemical analyses of the Kailas and Liuqu Formations, which indicate more humid conditions consistent with lower ele vations in the early Miocene in southern Tibet (Leary, 2015; DeCelles et al., 2011 DeCelles et al., , 2016 .
In general, the similarities between U-Pb ages from modern rivers and detrital zircon U-Pb ages from the Kailas and Liuqu Formations suggest that sediment provenance in the Indus-Yarlung suture zone and neighboring regions has not changed much since late Oligo cene time (ca. 25-16 Ma); as it is today, the region was characterized by short-stem rivers flowing off of the Gangdese arc to the north and Tethyan rocks to the south into an axial valley. However, the valley was also occupied by large, deep lakes in a rapidly subsiding basin, and there is no evidence for a large through-going axial river during the early Miocene in the region (Wang et al., 2010 DeCelles et al., 2011; Leary et al., 2016a Leary et al., , 2016b . There is also no evidence of a southward-flowing transverse drainage system at that time between the suture zone, the Himalaya, and its foreland basin to the south (as suggested by Tremblay et al., 2015) . Instead, the major through-going axial river system similar to today in southern Tibet was most likely established in the mid-Miocene as river response to uplift through incision Bracciali et al., 2015; Lang and Huntington, 2014; Robinson et al., 2014) .
A different mechanism other than growth of the Himalaya to the south is thus required to produce the ca. 8 Ma signal recorded regionally in southern Tibet and to explain the possible decrease in erosion after ca. 11 Ma documented by Tremblay et al. (2015) . The ca. 8-6 Ma rapid cooling event (Fig. 4E) is consistent with tectonic exhumation associated with E-W extension affecting southern Tibet in the Miocene (e.g., Murphy et al., 2002 Murphy et al., , 2009 Pullen et al., 2011) . For example, exhumation of Gurla Mandhata occurred mainly between ca. 8 and 2 Ma (McCallister et al., 2014) and has been associated with arc-parallel extension. Although the timing of E-W extension can explain the accelerated cooling between ca. 8 and 6 Ma, the decrease in cooling after ca. 6 Ma cannot be explained by extension, which seems to have continued until at least 2 Ma (McCallister et al., 2014) . Instead, a possible decrease in erosion after ca. 6 Ma ( Fig. 4E ) can be associated with the uplift of the eastern syntaxis, which began at ca. 7 Ma, with intense exhumation after ca. 5 Ma (Seward and Burg, 2008; Zeitler et al., 2014; Lang et al., 2016) , likely blocking moisture from the southeast and leading to a decrease in fluvial erosion rates in southern Tibet.
CONCLUSIONS
Detrital zircon U-Pb ages from rivers draining southern Tibet, including the Indus-Yarlung suture zone, directly reflect ages present in the drainage basin and thus preserve an accurate record of regional tectonic and erosional processes. Extensive early to mid-Miocene cooling supports the interpretation of regional uplift of southern Tibet at this time, combined with efficient exhumation by river incision of the Yarlung drainage system. The similarities between the modern detrital signatures and the geochronological signatures preserved in the Kailas and Liuqu basin strata indicate that the modern longitudinal drainage system developed no later than middle Miocene time.
Drainage reorganization of southern Tibet in the Miocene by capture of the Yarlung by the Brahmaputra River may have enhanced river incision. An overall greater discharge of the Indus-Yarlung River during the early Miocene than that observed today, and by inference a wetter climate and or higher relief and lower ele vation of the Indus-Yarlung valley during Kailas and Liuqu basins deposition, could have also contributed to regional Miocene erosion. Late Miocene accelerated cooling can be explained by tectonic exhumation associated with regional arc-parallel extension in response to outward expansion of the Tibet-Himalaya orogenic system.
